INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is one out of about 40 known diseases in which specific proteins accumulate into insoluble amyloid deposits \[[@ref001]\], and it is the most common form of dementia, affecting an increasing number of people worldwide \[[@ref002]\]. AD is characterized pathologically by the accumulation of misfolded amyloid β-peptide (Aβ) in plaques, and of hyperphosphorylated tau in neurofibrillary tangles (NFTs), but also neuronal loss, neuroinflammation and brain atrophy is observed \[[@ref003]\]. According to the amyloid cascade hypothesis, Aβ generation, oligomerization and fibrillation are the main causes of AD \[[@ref003]\]. Thus, many treatment strategies aim to halt Aβ aggregation and in particular the generation of Aβ oligomers \[[@ref005]\]. The amyloid-β protein precursor (AβPP) is a type I transmembrane (TM) protein that undergoes posttranslational modifications and proteolytic cleavages by *α*-, β-, and *γ*-secretases. Cleavage by β-secretase, or β-site AβPP-cleaving enzyme 1 (BACE1), and further processing by *γ*-secretase is referred to as the "amyloidogenic" pathway, which gives rise to Aβ peptides that can range from 38--43 amino acids in length. Mainly the highly aggregation prone Aβ~42~, but also Aβ~40~, are found in amyloid plaques in AD post mortem brain \[[@ref004]\].

The "anti-amyloid" chaperone domain, BRICHOS, is found in several distantly related protein families, among them the dementia-associated Bri2 \[[@ref008]\]. The BRICHOS domain of Bri2 on its own inhibits Aβ~40~ and Aβ~42~ fibril formation *in vitro* \[[@ref009]\] by affecting both the secondary nucleation and elongation steps of Aβ aggregation, thereby supposedly decreasing the amount of toxic oligomers formed \[[@ref011]\]. Bri2 BRICHOS furthermore reduces Aβ~42~ toxicity *in vivo* in a *Drosophila* model of AD and *ex vivo* in mouse hippocampal slices \[[@ref012]\].

Human Bri2 is ubiquitously expressed, and in the brain, it is particularly abundant in the CA1 pyramidal neurons \[[@ref013]\]. [Figure 1](#adr-2-adr170051-g001){ref-type="fig"} shows a schematic representation of the different parts of Bri2 and Bri3. Bri2 is processed in several steps; furin or furin-like proteases release a 23 amino acid residue C-terminal peptide (Bri23) generating the membrane bound mature Bri2 (mBri2), which can be further processed by ADAM10, releasing the BRICHOS domain, and finally the signal peptide peptidase-like 2b (SPPL2b) cleaves mBri2 intramembranously \[[@ref015]\]. Mutations in Bri2 give rise to release of extended 34-residue C-terminal peptides, ABri or ADan, which are deposited in the CNS in familial British dementia (FBD) and familial Danish dementia (FDD) patients, respectively \[[@ref017]\]. Furthermore, Bri2 has been shown to interact with AβPP, thereby decreasing the secretion of AβPP processing products, including Aβ~40~ and Aβ~42~ in both cell and animal models. It has been suggested that Bri2-AβPP binding blocks the secretase cleavage sites and/or interferes with BACE1, thereby affecting the AβPP processing \[[@ref019]\]. Increased levels of Bri2 and altered levels of its processing enzymes have been detected in postmortem hippocampus of AD cases, and Bri2 was found to be associated with amyloid plaques \[[@ref023]\]. Recently, it was shown that Bri2 affects neurite outgrowth and that this effect is regulated by phosphorylation \[[@ref024]\].

![Bri2 and Bri3 architecture and antibody reactivity. A) SDS-PAGE and Coomassie staining of recombinant Bri2 BRICHOS (residues 113--231) (left) and Bri3 BRICHOS (residues 112--230) (right) domains. The lines to the left show migration of size markers with masses in kDa. B) Bri2 and Bri3 are characterized by a similar architecture: an intracellular domain (IC) (yellow), a transmembrane (TM) region (green), a linker region (light blue), the BRICHOS domain (red) and a C-terminal segment (Bri23 or CT, blue). The sequence positions of the different domains in Bri2 and Bri3, respectively, are indicated. Antibodies, used in this study, were raised against the indicated segments of Bri2 and Bri3. C) Western blots of recombinant Bri2 and Bri3 BRICHOS proteins (corresponding to residues 113--231 of Bri2, residues 90--236 of Bri2 and residues 112--230 of Bri3) using the anti-Bri2 linker; the anti-Bri2 BRICHOS; and the anti-Bri3 BRICHOS antibodies. The upper band for Bri2 BRICHOS (113-231) corresponds to a dimer. Size markers (kDa) are shown to the right of the blots.](adr-2-adr170051-g001){#adr-2-adr170051-g001}

Bri3 contains a BRICHOS domain and is expressed exclusively in the CNS, with high levels in the hippocampus and cerebral cortex \[[@ref025]\], but it has so far been less studied than Bri2. Using transfected cell lines, it has been shown that Bri3 is processed by furin, releasing a 25 amino acids long C-terminal peptide \[[@ref026]\] and that Bri3, like Bri2, can be phosphorylated \[[@ref024]\]. Bri3 has been concluded to bind AβPP, thereby downregulating Aβ~40~ and Aβ~42~ secretion by similar mechanisms as those proposed for Bri2 \[[@ref025]\]. However, whether the BRICHOS domain of Bri3 affects Aβ~42~ aggregation and how it interacts with Aβ and AβPP remain unknown.

In this study, we compared the interactions of the BRICHOS domains of Bri2 and Bri3 with Aβ and AβPP in mouse primary neurons as well as in brain tissue from mice and from AD cases and controls. We observed that Bri3 levels are decreased in AD brain, and found that Bri2 and Bri3 BRICHOS domains interact with neuronal Aβ~40~ and Aβ~42~.

METHODS {#sec0010}
=======

Postmortem brain tissue {#sec0015}
-----------------------

For western blot analysis, human postmortem hippocampal and temporal brain tissue from non-demented controls (hippocampus: *n* = 7; cortex: *n* = 8) and AD cases (hippocampus: *n* = 8; cortex: *n* = 5) was obtained from the Netherlands Brain Bank (Amsterdam, The Netherlands). Groups were matched for age and sex. Pathological diagnosis and neuropathological evaluation was performed on formalin-fixed, paraffin-embedded tissue from different brain areas as previously described \[[@ref023]\]. Staging of AD pathology was evaluated according to modified assessment of Braak and Alafuzoff \[[@ref028]\]. Clinical and pathological diagnosis, sex, age, postmortem delay, brain area, and the Braak scores for NFTs and amyloid load of all analyzed cases (*n* = 16) are listed in [Supplementary Table 1](#S6){ref-type="supplementary-material"}. Of the total 16 cases, hippocampal and temporal cortical areas were available for 12 samples, only hippocampal areas for 3 samples and only temporal cortical areas for 1 sample. All donors or their next of kin provided written informed consent for brain autopsy and use of tissue and medical records for research purposes.

For immunohistochemical analysis human postmortem brain tissue samples from frontal cortex were obtained from the Brain Bank at Karolinska Institutet. Patients with sporadic AD, early onset familial AD caused by the Swedish AβPP double-mutation KM670/671NL (AβPPswe), patients with the Arctic AβPP mutation E693G (AβPParc) and brain tissue from control subjects without neurodegenerative disease were included (*n* = 2/group).

Recombinant proteins {#sec0020}
--------------------

Human Bri2 and Bri3 BRICHOS domains, corresponding to amino acid residues Bri2(90-236 or 113-231) (NP_068839.1) and Bri3(112-230) (NP_001274170.1) as fusion proteins with an N-terminal tag of Thioredoxin, 6 x Histidine, and S-tag, were expressed at 30°C in *E. coli* Shuffle T7 cells. Cells were grown in LB medium containing 100 μg/ml ampicillin. Expression was induced at an OD~600~ = 0.6--0.8 by adding 0.4 mM IPTG and the cells were then grown for another 4 h. Cells were harvested and suspended in 0.15 M NaCl, 20 mM sodium phosphate buffer (PBS), pH 7.4, frozen at --20°C, and lysed by sonication for 2 min and centrifuged at 6000xg for 20 min, 4°C. The pellet was suspended in 2 M urea in PBS pH 7.4, sonicated for 2 min, and centrifuged at 15000xg for 30 min, 4°C. The supernatant was filtered through a 5 μm filter (CA membrane, Sartorius stedim biotech) and kept at --20°C. After thawing, the sample was poured onto a 2.5 ml IMAC column (Ni Sepharose™ 6 Fast Flow, GE Healthcare) equilibrated with 2 M urea in PBS, pH 7.4. The column was washed with 2 M urea in PBS, followed by 1 M urea, and finally with 50 mM imidazole in PBS, pH 7.4. Target fusion protein was eluted with 300 mM imidazole in PBS, pH 7.4 and dialysed (regenerated cellulose RC, 6--8 kDa membrane; Spectrum Lab) against PBS, pH 7.4 containing thrombin (Merck) (enzyme/substrate weight ratio of 0.002) for 16 h at 4°C, re-applied onto the IMAC column, and BRICHOS domains were eluted with PBS, pH 7.4. See [Fig. 1A](#adr-2-adr170051-g001){ref-type="fig"} for SDS-PAGE analyses of purified Bri2 and Bri3 BRICHOS; using 12--13.5% polyacrylamide gels, the samples were run under reducing conditions and proteins were visualized with Coomassie blue staining. Recombinant Bri2 BRICHOS(90--236) migrates on SDS-PAGE corresponding to a mass of about 30 kDa, while the mass determined by electrospsray ionization mass spectrometry is 20397±2 Da, in good agreement with the mass calculated from the amino acid sequence (20400 Da) \[[@ref010]\]. This rules out the possibility that the aberrant migration on SDS-PAGE can be explained by mutations, N-terminal truncation or other inadvertent covalent modifications.

Recombinant human Aβ~42~ peptide with an N-terminal methionine was expressed and purified as described elsewhere \[[@ref029]\]. Aβ~42~ peptide was expressed in *E. coli* BL21 and purified in batch format as described before \[[@ref030]\], using ion exchange and a Superdex 75 10/300 GL size exclusion column (GE Healthcare Life Sciences) to ensure a monomeric state of the starting material. The extinction coefficient for Aβ~42~ at 280 nm is 1400 M^--1^cm^--1^.

Thioflavin T (ThT) aggregation assay {#sec0025}
------------------------------------

Fibril formation kinetics was studied by recording the ThT fluorescence over time in a plate reader (FLUOStar Galaxy from BMG Labtech, Offenberg, Germany). The fluorescence was measured using bottom optics in half-area 96-well polyethylene glycol-coated black polystyrene plates with clear bottom (Corning Glass, 3881) using a 440 nm excitation filter and a 490 nm emission filter. 3 μM of Aβ~42~ solution, with or without 0.6 or 1.5 μM of Bri2 or Bri3 BRICHOS protein, was supplemented with 10 μM ThT, 80 μl was added to each well, and the plate was sealed and immediately placed in the fluorescence reader at room temperature (RT), and incubated under quiescent conditions with readings made every 5 min.

Cell culture {#sec0030}
------------

Brains from embryonic day 16-17 C57BL6 mouse embryos were used to dissect out hippocampal and cortex tissue, to which neurobasal medium with 2% B27 and 1% L-glutamine was added and single cells were separated by pipetting. FACS analysis show that the cell population consists of about 82% neurons (TUJ-1 staining), 7% astrocytes (GFAP staining), and the remaining cells are microglia and oligodendrocytes \[[@ref031]\]. Cells were seeded in chamber slides (Nunc^TM^), cultured for 6-7 days and analyzed by proximity ligation assay (PLA) and confocal microscopy.

Antibodies {#sec0035}
----------

See [Supplementary Table 2](#S7){ref-type="supplementary-material"} for an overview of antibodies used in this study. For confocal microscopy of cells, dilutions, primary antibodies (and antigens) were (see [Fig. 1B and C](#adr-2-adr170051-g001){ref-type="fig"} for Bri2 and Bri3 structures and antibody reactivities): 1:5000 rabbit anti-Bri3 BRICHOS (Bri3 residues 112--230, Capra Science); 1:200 of a second rabbit anti-Bri3 antibody, referred to as anti-Bri3 BRICHOS~2~ (Bri3 residue 110--258, Abcam Cat\# ab101389, RRID:AB_10710084); 1:100 mouse anti-Bri3 (Bri3 residues 1--267, Sigma-Aldrich Cat\# SAB1408047, RRID:AB_10745686); 1:40 rabbit anti-Bri2 linker (Bri2 residues 74--224, Sigma-Aldrich Cat\# HPA029292, RRID:AB_10601917); 1:1000 goat anti-Bri2 BRICHOS (Bri2 residues 113--231, Capra Science); 1:1000 mouse anti-AβPP/Aβ, 4G8 (BioLegend Cat\# 800701, RRID:AB_2564633); 1:200 mouse anti-Aβ~42~ (Millipore Cat\# MABN12, RRID:AB_10562244); 1:200 of a second anti-Aβ~42~ antibody (rabbit), referred to as anti-Aβ~42-2~ (Thermo Fisher Scientific Cat\# 44--344, RRID:AB_2313572); 1:300 mouse anti-Aβ~40~ (BioLegend Cat\# 805401, RRID:AB_2564680); 1:400 mouse anti-N-terminal AβPP, 22C11 (Millipore Cat\# MAB348-100UL, RRID:AB_2056583). Secondary antibodies for PLA were PLUS or MINUS oligonucleotide-conjugated (Duolink, Olink Bioscience, Sigma-Aldrich), chosen for appropriate species of origin of target antibodies, excitation and emission wavelengths (see below). For western blot, primary antibodies and dilutions used were: 1:2000 rabbit anti-Bri3 BRICHOS, 1:1000 rabbit anti-Bri3 BRICHOS~2 ;~ 1:2000 goat anti-Bri2 BRICHOS~,~ and 1:500 rabbit anti-Bri2 linker. Secondary antibodies conjugated with horseradish peroxidase (HRP), (anti-rabbit, GE Healthcare) (anti-goat, Life Technologies) were diluted 1:5000. In PLA experiments of transgenic mouse tissue: primary antibodies 1:1000 mouse anti-AβPP/Aβ, 6E10 (Covance Research Products Inc. Cat\# SIG-39320-1000, RRID:AB_10175145); 1:1000 goat anti-Bri2 BRICHOS; 1:200 rabbit anti-Bri3 BRICHOS~2~. For immunohistochemistry of human brain tissue: rabbit anti-Bri3 BRICHOS and mouse anti-AβPP/Aβ (6E10) primary antibodies were diluted 1:500 and 1:1000, respectively.

SDS-PAGE and western blotting {#sec0040}
-----------------------------

Human postmortem tissue was homogenized using Tissue Protein Extraction Reagent (T-PER, 0.1 g/mL, Thermo Scientific, Waltham, USA) containing EDTA-free protease and phosphatase inhibitor cocktails (1:25 and 1:10 respectively, Roche, Basel, Germany). Samples were centrifuged at 10,000 g for 15 min at 4°C. Protein content in the supernatant was quantified using Bio-Rad protein assay (Bio-rad, Hercules, USA). Human postmortem homogenates (15 μg) were prepared in samples buffer (2% SDS, 0.03 M Tris, 5% 2-Mercaptoethanol, 10% glycerol, bromophenol blue) and heated 5 min at 95°C. Electrophoresis of postmortem samples was carried out using pre-cast NuPAGE Bis-Tris Mini Gels 4--12% (1.5 mm, 4--12%; Invitrogen, Carlsbad, USA). After blotting, the membranes were blocked in 5% milk/PBS for 1 h, followed by incubation with primary antibody in 5% milk, 0.1% Tween/PBS for 1 h at RT. The membrane was washed three times in 0.1% Tween/PBS and secondary antibodies in 5% milk, 0.1% Tween/PBS were added for 1 h at RT. After washing, enhanced chemoluminescence detection reagent (GE Healthcare) was added according to the manufacturer protocol and images were acquired using a CCD camera (LAS-3000).

Transgenic mice {#sec0045}
---------------

Generation of transgenic mice expressing human AβPP with the Arctic mutation (E693G) has previously been described \[[@ref032]\]. Briefly, the TgAβPParc mice were generated on a mixed CBA/C57BL/6 background by microinjection of human AβPP (695 isoform) gene with the Arctic mutation under control of the Thy1.2 promoter. Mice were sacrificed by cervical dislocation and the brains were immediately removed and hemispheres were fresh-frozen on dry ice and stored at --80°C. Brain tissue from AβPP^--/--^ mice was kindly provided by Dr Hui Zheng, Baylor College of Medicine \[[@ref034]\].

PLA {#sec0050}
---

PLA was performed according to Duolink II kit manufacturer's instructions (OlinkBioscience). Briefly, cells were grown on chamber slides (Nunc^TM^), fixed in 4% paraformaldehyde/PBS (Santa Cruz Biotech) solution for 15 min at RT, washed twice in PBS and permeabilized with 0.2% Triton X-100 in PBS for 15 min on ice, then blocked with Olink block for 30 min at 37°C. Primary antibodies were added and incubated over night at 4°C, and after washing secondary complementary PLUS and MINUS oligonucleotide-conjugated antibodies against one or two species, depending on the type of analysis, were added for 1 h at 37°C. Thereafter, ligation, amplification and washing steps were performed according to the manufacturer's protocol. For detecting protein-protein interactions, two primary antibodies from different species (rabbit, goat or mouse) were used, and the secondary antibodies against those two species were added for detection. For detection of single proteins, one primary antibody and the respective PLUS and MINUS complementary secondary antibodies were used. Alexa Flour^®^ Phallodin-488 nm were used for staining of actin.

Brain tissue from 9 months old homozygous transgenic mice with AβPP Arctic mutation (TgAβPParc), and from AβPP knock-out mice (AβPP^--/--^), was washed in PBS, fixed in 4% paraformaldehyde/PBS for 5 min and permeabilized with 0.2% Triton X-100/PBS for 15 min on ice, and blocked with Rodent Block M (biocare medical) for 30 min at RT. Primary antibodies were added and incubated at 37° C for 1 h. Cell nuclei were stained with DAPI (OlinkBioscience), mounted and analyzed by a Zeiss confocal microscope (Axiovert 200M). The far-red fluorophore for the PLA signals was excited at 633 nm and emission was detected above 650 nm. The DAPI was excited at 405 nm and emission was read at 420--480 nm. The 488 nm flourophore was excited at 488 nm and emission was read at 505--550 nm. Images were acquired at one confocal plane at 40X magnification.

Quantification of fluorescence intensity {#sec0055}
----------------------------------------

Fluorescence quantification was done by first splitting the fluorescence signals from PLA, DAPI, and phalloidin. Measurements were then made for the PLA signal by integrating the fluorescence densities of manually encircled cell areas using Image J. Then the corrected total cell fluorescence was determined by subtracting the area-corrected mean background fluorescence (measured from the PLA signals from an area outside the cells) from the integrated cellular PLA fluorescence densities. The same procedure was repeated for the control cells, which were treated by adding only one of the primary antibodies plus both the PLUS and MINUS secondary antibodies. Statistical analysis was based on comparisons with student's *t*-test between at least three positive cells and controls. Variability was reported as standard deviation (S.D).

Immunohistochemistry on human postmortem brain tissue {#sec0060}
-----------------------------------------------------

Immunohistochemical staining for detection of Bri3 and Aβ were performed on 5 μm thin sections from formalin fixed paraffin embedded tissue. Brain sections were de-paraffinized in xylene and rehydrated through graded alcohol series from 99% to 70%. Sections were autoclaved in a Decloaking Chamber (Biocare Medical) in DIVA decloaker solution (Biocare Medical, Concord, USA) for 30 min. Sections were washed with Tris-buffered saline containing 0.05% tween 20 (TBST), and incubated first with peroxidase blocking solution (Dako) for 5 min, washed in TBST and then incubated for 10 min with Background punisher (Dako). Double stained slides were incubated for 45 min at RT with an antibody cocktail containing: mouse anti-AβPP/Aβ (6E10, 1:1000) and rabbit anti-Bri3 BRICHOS (1:500) diluted in Dako antibody diluent (Dako). Negative control slides were incubated with the Dako antibody diluent only. Slides were washed in TBST and incubated for 30 min at RT with Mach 2 Double Stain1 containing conjugated secondary anti-mouse HRP and anti-rabbit-AP antibody (Biocare Medical). Horseradish peroxidase staining was visualized with the permanent green (Biosite) and AP staining was visualized with permanent red (Biosite) solutions. Slides were counterstained in hematoxylin, dehydrated through graded alcohols, cleared in xylene and then mounted with Permount. Images were acquired at 40X magnification.

Ethical approvals {#sec0065}
-----------------

All procedures performed in studies involving human or animal tissue material were in accordance with the ethical standards of the institutional and/or national research committees. Swedish ethical research committees diary numbers: 2011/962-31/1; 2013/118-31/2; S151-10; S75-13; S53-14. VU Medical centrum, The Netherlands: 2009/148.

RESULTS {#sec0070}
=======

Bri3 levels and amyloid plaque interactions in AD patients and healthy controls {#sec0075}
-------------------------------------------------------------------------------

Western blot analysis of postmortem hippocampal and temporal cortex homogenates from AD cases and non-demented controls ([Fig. 2](#adr-2-adr170051-g002){ref-type="fig"}) revealed two different bands at 35 and 30 kDa. It has been shown that full-length and processed forms of Bri2 and Bri3 migrate slower on SDS-PAGE than expected from their masses \[[@ref015]\]. The identities of the 35 and 30 kDa bands in [Fig. 2](#adr-2-adr170051-g002){ref-type="fig"} are thus difficult to assign with certainty, but they likely represent full-length Bri3 and the furin-processed Bri3 lacking the 4 kDa C-terminal peptide, respectively \[[@ref026]\]. Data analysis revealed no changes in the levels of 35 kDa Bri3 between controls and AD cases ([Fig. 2A, B, E, F](#adr-2-adr170051-g002){ref-type="fig"}). However 30 kDa Bri3 immunoreactivity was specifically decreased in both hippocampus and temporal cortex in AD cases compared to controls ([Fig. 2A, C, E, G](#adr-2-adr170051-g002){ref-type="fig"}). The 30 to 35 kDa band intensity ratio was also decreased in AD compared to controls in both brain areas ([Fig. 2 D, H](#adr-2-adr170051-g002){ref-type="fig"}).

![Bri3 is decreased in postmortem hippocampus and temporal cortex of AD cases. Western blots analysis using the Bri3 BRICHOS~2~ antibody against postmortem human hippocampus (A-D) and temporal cortex (E-H) from non-demented controls (hippocampus: *n* = 7; cortex: *n* = 8) and AD cases (hippocampus: *n* = 8; cortex: *n* = 5). Bri3 BRICHOS~2~ reactivity was quantified for the 35 kDa (B,F) and 30 kDa (C,G) bands and normalized to actin levels. The 30 to 35 kDa ratio was calculated for each sample and compared between groups (D,H). ns, not significant; \**p* \< 0.05.](adr-2-adr170051-g002){#adr-2-adr170051-g002}

Brain tissue from the frontal cortex of patients with sporadic AD or AD due to AβPPswe or AβPParc mutations, as well as non-demented controls were analyzed by double-immunohistochemistry, using antibodies against Bri3 BRICHOS and Aβ. All individuals with AD showed plaques that were immunoreactive with the Aβ antibody, while in the control tissue no plaques were found ([Fig. 3A-H](#adr-2-adr170051-g003){ref-type="fig"} and [Supplementary Figure 1](#S1){ref-type="supplementary-material"}). In addition, the AD patients showed Bri3 immunoreactivity in a deposit-like pattern which co-localized with the Aβ plaques, but not every plaque was stained for Bri3 and only parts of the plaques showed Bri3 deposition. The reasons for the Bri3 staining pattern remain to be determined. No obvious differences could be detected in the co-localization pattern between the sporadic and familial cases of AD ([Fig. 3A-F](#adr-2-adr170051-g003){ref-type="fig"}). Bri3 immunoreactivity in the control tissue showed diffuse staining in some cell somata ([Fig. 3G](#adr-2-adr170051-g003){ref-type="fig"}). Control experiments in which only secondary antibodies were added to the human tissue sections showed no staining above background ([Fig. 3H](#adr-2-adr170051-g003){ref-type="fig"} and [Supplementary Figure 1G, H](#S1){ref-type="supplementary-material"}).

![Bri3 co-localizes with AD amyloid plaques. Human brain sections stained with anti-Aβ/AβPP (6E10, green) and rabbit anti-Bri3 BRICHOS (red) antibodies from (A, B) sporadic AD case; (C, D) AD case with AβPPswe mutation; (E, F) AD case with AβPParc mutation; (G) healthy control; and (H) sporadic AD case stained using only the secondary antibody. The rectangles in A, C, and E indicate the areas shown in B, D, and F, respectively. All samples were counterstained with hematoxylin. Scale bars 50 μm. Images are representative of three independent experiments.](adr-2-adr170051-g003){#adr-2-adr170051-g003}

The finding that Bri3 co-localizes with AD plaques is analogous to what previously has been observed for Bri2 \[[@ref023]\]. The Bri3 levels in AD, however, are changed in the opposite direction to what previously has been reported for Bri2 \[[@ref023]\], suggesting significant differences in the ways the two BRICHOS proteins interact with Aβ in AD.

Bri3 BRICHOS inhibits Aβ~42~ fibril formation in vitro {#sec0080}
------------------------------------------------------

Aβ~42~ fibril formation alone or with recombinant BRICHOS domains of Bri2 and Bri3 was studied *in vitro* using ThT flurorescence as a reporter. Using 0.2 or 0.5 molar equivalents of isolated recombinant human Bri3 BRICHOS compared to Aβ~42~, a concentration dependent increase of Aβ~42~ aggregation half time (t~1/2~) was observed, as a result of prolonged lag phase and decreased fibrillation rate ([Fig. 4](#adr-2-adr170051-g004){ref-type="fig"}). For 0.2 equivalents of Bri3 BRICHOS the median t~1/2~ was prolonged 3 times and for 0.5 equivalents it was prolonged about 6 times. The Aβ~42~ t~1/2~ in the presence of 0.2 equivalents of Bri2 BRICHOS varies, probably as a result of that small changes in BRICHOS concentrations give marked changes in Aβ kinetics around this ratio, but it is prolonged at least 5 times, and in the presence of 0.5 equivalents of Bri2 BRICHOS it is prolonged \>10 times ([Fig. 4](#adr-2-adr170051-g004){ref-type="fig"}). This shows that Bri3 BRICHOS interferes with Aβ~42~ fibril formation *in vitro*, but the Aβ~42~ aggregation half time is prolonged less in the presence of Bri3 BRICHOS compared to Bri2 BRICHOS.

![*In vitro* effects of Bri2 and Bri3 BRICHOS on fibril formation of Aβ~42~. ThT fluorescence traces of 3 μM Aβ42 alone (black), and with addition of 0.2 molar equivalents of Bri3 BRICHOS (red), 0.5 molar equivalents of Bri3 BRICHOS (green), 0.2 molar equivalents of Bri2 BRICHOS (blue), or 0.5 molar equivalents of Bri2 BRICHOS (purple). The traces for each of four replicates for all samples are shown. The results are representative of at least five independent experiments.](adr-2-adr170051-g004){#adr-2-adr170051-g004}

Interactions between endogenous BRICHOS and Aβ in hippocampal neurons {#sec0085}
---------------------------------------------------------------------

In order to study whether the BRICHOS domains of Bri2 and Bri3 interact with Aβ under physiological conditions, primary wt mouse hippocampal neurons were analyzed using PLA. To determine if the Bri2 BRICHOS domain as such interacts with Aβ~42~ we used two different Bri2 antibodies ([Fig. 1B](#adr-2-adr170051-g001){ref-type="fig"}), one (the Bri2 linker antibody) that recognizes the linker region of Bri2, but not the BRICHOS domain, and another antibody (the Bri2 BRICHOS antibody) that recognizes the Bri2 BRICHOS domain ([Fig. 1C](#adr-2-adr170051-g001){ref-type="fig"}). A significant number of signals indicative of protein-protein interactions were detected using the Aβ~42~ antibody (which specifically recognizes Aβ~42~) in combination with the Bri2 BRICHOS antibody, but when using the Bri2 linker antibody, no interactions with Aβ~42~ above control levels could be detected ([Fig. 5](#adr-2-adr170051-g005){ref-type="fig"}). Abundant interactions with Bri2 BRICHOS were also seen using a different Aβ~42~ specific antibody (Aβ~42-2~) ([Supplementary Figure 2](#S2){ref-type="supplementary-material"}). This indicates that interactions between Aβ~42~ and Bri2 BRICHOS require that the BRICHOS domain has been proteolytically separated from the linker region, and these interactions are most likely mediated by the BRICHOS domain as such.

![Interactions between Aβ~42~ and Bri2 BRICHOS. PLA signals (red) for protein interactions with (A,B) anti-Bri2 linker and anti-Aβ~42~ antibodies; (D,E) anti-Bri2 BRICHOS and anti-Aβ~42~ antibodies. Staining of nuclei is performed with DAPI (blue) and filamentous actin is stained with phalloidin (green). Scale bar 20 μm. (C,F) Fluorescence intensity quantification for negative controls (black bars) and Bri2 linker plus Aβ~42~ (hatched bar), *n* = 4 (C), and negative controls and Bri2 BRICHOS plus Aβ~42~ (hatched bar), *n* = 3 (D). ns, *p* \> 0.05 and.\*\**p* \< 0.01. Average values and errors represent standard deviations. The results are representative of at least three independent experiments.](adr-2-adr170051-g005){#adr-2-adr170051-g005}

Using an antibody raised against recombinant Bri3 BRICHOS, abundant interactions with Aβ~42~ were detected by PLA and a significantly higher number of interaction signals were detected compared to in the negative control ([Fig. 6](#adr-2-adr170051-g006){ref-type="fig"}). Similar results were obtained using a different Aβ~42~ specific antibody (Aβ~42-2~) and another Bri3 antibody (raised against Bri3 residues 1--267) ([Supplementary Figure 2](#S2){ref-type="supplementary-material"}). Furthermore, significant interactions between both Bri2 and Bri3 BRICHOS and Aβ~40~ were detected using an Aβ~40~ specific antibody ([Supplementary Figure 3](#S3){ref-type="supplementary-material"}). Due to lack of primary antibodies that are specific for the Bri3 linker region, it was not possible to investigate whether the linker region needs to be removed to allow Bri3 BRICHOS to interact with Aβ~42~.

![Interactions between Aβ~42~ and Bri3. A,B) PLA signals (red) for protein interactions with anti-Bri3 BRICHOS and anti-Aβ~42~ antibodies. Staining of nuclei is performed with DAPI (blue) and filamentous actin is stained with phalloidin (green). Scale bar 20 μm. C) Fluorescence intensity quantification for negative controls (black bar) and Bri3 BRICHOS plus Aβ~42~ (hatched bar), *n* = 5; \**p* \< 0.05. Average values and errors represent standard deviations. The results are representative of at least three independent experiments.](adr-2-adr170051-g006){#adr-2-adr170051-g006}

To verify that Bri2 interacts with AβPP at endogenous levels, we used the Bri2 linker antibody and an antibody recognizing AβPP and Aβ (4G8), and abundant signals were detected ([Supplementary Figure 4](#S4){ref-type="supplementary-material"}). Since the combination of Aβ~42~ antibody and Bri2 linker antibody does not give PLA signals ([Fig. 5A-C](#adr-2-adr170051-g005){ref-type="fig"}) the signals in [Supplementary Figure 4](#S4){ref-type="supplementary-material"} are concluded to arise from AβPP-Bri2 interactions. Similar as for Bri2, PLA signals were detected using antibodies against Bri3 BRICHOS (residue 110--258) in combination with an antibody recognizing the N-terminal part of AβPP ([Supplementary Figure 4](#S4){ref-type="supplementary-material"}). Negative controls for all combinations of secondary antibodies used for each primary antibody confirmed that no unspecific signals were generated ([Supplementary Figure 5](#S5){ref-type="supplementary-material"}).

AβPP/Aβ interactions with Bri2 and Bri3 in the hippocampal CA1 region in transgenic mice {#sec0090}
----------------------------------------------------------------------------------------

Interactions between Bri2 and Bri3 and AβPP/Aβ were furthermore analyzed in brain tissue from mice transgenic for the AβPP arctic mutation (E693G) \[[@ref032]\] using PLA and confocal microscopy, and as a negative control, brain tissue from AβPP^--/--^ was used \[[@ref034]\]. Both endogenous Bri2 and Bri3 showed abundant interactions with transgenically overexpressed AβPP and/or Aβ in the CA1 region ([Fig. 7A, C](#adr-2-adr170051-g007){ref-type="fig"}), but much fewer background PLA signals were detected in brain tissue sections from AβPP^--/--^ mice ([Fig. 7B, D](#adr-2-adr170051-g007){ref-type="fig"}). The interaction signals show no accumulation around plaques, which may suggest that the signals observed are dominated by interactions between Bri2/Bri3 and soluble Aβ/AβPP rather than by interactions with Aβ in amyloid deposits.

![Bri2 and Bri3 interactions with Aβ/AβPP in CA1 region of hippocampus from tgAβPParc and AβPP ^--/--^ mice. PLA (red dots) for protein-protein interactions with (A-B) anti-Bri2 BRICHOS and anti-AβPP/Aβ antibodies (6E10); and (C-D) anti-Bri3 BRICHOS~2~ and anti-AβPP/Aβ antibodies (6E10). Images are representative of two to three independent experiments. Staining of nuclei is performed with DAPI (blue). Scale bars 20 μm.](adr-2-adr170051-g007){#adr-2-adr170051-g007}

DISCUSSION {#sec0095}
==========

The Bri2 BRICHOS domain is an efficient inhibitor of Aβ~40~ and Aβ~42~ aggregation *in vitro* and in *in vivo* models \[[@ref011]\], increased Bri2 levels are found in AD brain, and both Bri2 and Bri3 interfere with AβPP processing as shown in transgenic cell lines and mouse models \[[@ref023]\]. However, interactions between Bri2 or Bri3 BRICHOS and Aβ~42~ or Aβ~40~ in primary neurons have not been studied before, and Bri3 has not been analyzed in AD brain tissue previously.

In this study, we found that Bri3 BRICHOS is associated with Aβ plaques ([Fig. 3](#adr-2-adr170051-g003){ref-type="fig"}). We have additionally observed that the soluble levels of mature Bri3 are decreased in AD cases compared to non-demented controls ([Fig. 2](#adr-2-adr170051-g002){ref-type="fig"}). We did not observe any changes in the levels of immature Bri3, which may suggest that degradation events rather than processing from immature to mature Bri3 is perturbed in AD, but more studies are required before conclusions can be drawn. The now observed Bri3 decrease is in sharp contrast to the situation for Bri2, which showed increased levels in AD \[[@ref023]\]. The isolated BRICHOS domain of Bri3 inhibits Aβ~42~ amyloid formation *in vitro* ([Fig. 4](#adr-2-adr170051-g004){ref-type="fig"}), similar to Bri2 BRICHOS \[[@ref011]\] but less efficiently, and Bri3 BRICHOS affects both the duration of the lag phase and the rate of fibril formation, indicating that it interferes with multiple steps in the Aβ~42~ fibril formation pathway. This experiment furthermore shows that BRICHOS domains of both Bri2 and Bri3 can interact directly with Aβ~42~, but the opposite changes in soluble Bri2 and Bri3 levels in AD suggest that they act in different ways *in vivo*.

We used PLA to study physical interactions between Bri2 or Bri3 BRICHOS and Aβ~42~ or AβPP, in primary hippocampal neurons. We show that both Bri2 and Bri3 interact with AβPP at endogenous levels ([Supplementary Figure 4](#S4){ref-type="supplementary-material"}), which is supported by previous findings in transgenic cells and mice \[[@ref019]\]. Bri2 BRICHOS interacts with both Aβ~40~ ([Supplementary Figure 3A, C](#S3){ref-type="supplementary-material"}) and Aβ~42~ ([Fig. 5D-F](#adr-2-adr170051-g005){ref-type="fig"}), however no interaction between the linker region of Bri2 and Aβ~42~ was found ([Fig. 5A-C](#adr-2-adr170051-g005){ref-type="fig"}), strongly suggesting that binding to Aβ~42~ requires that the BRICHOS domain is shed from the Bri2 proprotein. The extracellular part of Bri2 is shed by ADAM10 \[[@ref016]\], and it is therefore possible that Bri2 BRICHOS - Aβ~42~ interactions mainly occur in the extracellular space, after both proteins have been released from neurons. The PLA approach now used does not allow a distinction between intracellular interactions and interactions taking place at the plasma membrane. Whether the cellular interactions detected herein between Bri2 BRICHOS and Aβ involve Bri2 BRICHOS generated outside and/or inside cells need to be studied further. Bri2 BRICHOS is secreted from cells in culture but Bri3 BRICHOS could not be detected in the medium from transgenic cell lines \[[@ref015]\]. The divergence in proteolytic release of the BRICHOS domain in Bri2 and Bri3 suggest that Bri2 BRICHOS is an extracellular chaperone while Bri3 mainly performs its action intra- and/or juxta- (e.g., at the plasma membrane) cellularly. Thus, the deposition of Bri2 in and around Aβ plaques, may lead to reduced levels of extracellular Bri2 BRICHOS, thereby reducing the anti-amyloid activity and facilitating further fibrillation of Aβ, as previously suggested \[[@ref023]\].

Bri3 including its BRICHOS domain interacts with both Aβ~42~ ([Fig. 6](#adr-2-adr170051-g006){ref-type="fig"}) and Aβ~40~ ([Supplementary Figure 3B, D](#S3){ref-type="supplementary-material"}) in primary neurons. The Bri3 BRICHOS domain in isolation reduces Aβ~42~ fibril formation, and PLA using an antibody directed against the BRICHOS domain shows Bri3 -- Aβ interactions ([Figs. 4](#adr-2-adr170051-g004){ref-type="fig"} and [6](#adr-2-adr170051-g006){ref-type="fig"}). Therefore, it is plausible that the Bri3 BRICHOS domain is responsible for the interactions with Aβ, although interactions mediated by other parts of Bri3 cannot be excluded at the present stage. Neurons produce more intracellular Aβ~42~ than other cell types \[[@ref035]\], and expression of Bri3 is limited to the CNS, especially CA1 hippocampal neurons \[[@ref014]\]. Aβ is produced in several subcellular compartments \[[@ref035]\] and Aβ~42~ can be generated in the secretory pathway \[[@ref036]\]. Bri3 and AβPP are transmembrane proteins biosynthesized through the secretory pathway, and the BRICHOS domain as well as released Aβ end up on the luminal side of the secretory pathway. Inhibition of proteasomal activity alters the levels of AβPP processing products \[[@ref039]\] and we recently showed, in transfected cell lines, that the proSP-C BRICHOS domain reduces aggregation of amyloidogenic polypeptides in the ER, which otherwise leads to proteasomal inhibition \[[@ref042]\]. It is possible that the Bri3 BRICHOS domain performs a similar function towards Aβ in neurons, which could be an important protective mechanism since intracellular Aβ accumulation affects synaptic plasticity, precedes the formation of NFTs and plaques, and since oligomerization of intracellular Aβ can take place \[[@ref043]\].

Taken together, currently available results indicate that the BRICHOS domains of Bri2 and Bri3 are important for interactions primarily with Aβ. Our results further indicate that the processed Bri2 BRICHOS could act intra- (after internalization) as well as extracellularly, while full-length Bri3 and its BRICHOS domain bind Aβ intra- and/or juxtacellularly. For both Bri2 and Bri3, the aberrant levels and association with plaques in AD may lead to an abnormal function, reducing their abilities to chaperone Aβ peptides. More research is warranted about physiological mechanisms of Bri2 and Bri3 in relation to Aβ production and aggregation.
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###### Supplementary Figure 1

Bri3 and Aβ/AβPP immunoreactivity in sporadic AD cases. Human brain sections with sporadic AD were stained with anti-Aβ/AβPP (6E10 antibody, green, A-B), rabbit anti-Bri3 BRICHOS (red, C-D), with both anti-Aβ/AβPP and anti-Bri3 BRICHOS (E, F) and with only secondary antibodies (G, H). The rectangles in A, C, E and G highlight the brain areas reported in B, D, F, and H. All samples were counterstained with hematoxylin. Scale bars 50 μm. Images are representative of three independent experiments.

###### 

Click here for additional data file.

###### Supplementary Figure 2

Bri2 and Bri3 interactions with Aβ~42~. PLA signals (red) for protein interactions with (A) anti-Bri2 BRICHOS and anti- Aβ~42-2~ antibodies and (B) anti-Bri3 and anti- Aβ~42-2~ antibodies. Staining of nuclei is performed with DAPI (blue) and filamentous actin is stained with phalloidin (green). Scale bar 20 μm. C,D). Fluorescence intensity quantification for negative controls (black bars) and Bri2 BRICHOS plus Aβ~42-2~ (hatched bar), n=9 (C), \*\*p\<0.01, and negative controls and Bri3 BRICHOS plus Aβ~42-2~ (hatched bar), n=5 (D). \*p\<0.05. Average values and errors represent standard deviations. The results are representative of at least three independent experiments.

###### 

Click here for additional data file.

###### Supplementary Figure 3

Bri2 and Bri3 interaction with Aβ~40~. PLA signals (red) for protein interactions with (A) anti-Bri2 BRICHOS and anti-Aβ~40~ antibodies and (B) anti-Bri3 and anti-Aβ~40~ antibodies. Staining of nuclei is performed with DAPI (blue) and filamentous actin is stained with phalloidin (green). Scale bar 20 μm. C,D) Fluorescence intensity quantification for negative controls (black bars) and Bri2 BRICHOS plus Aβ~40~ (hatched bar), n=3, and (C) negative controls and Bri3 BRICHOS plus Aβ~40~ (hatched bar), n=4 (D). \*p\<0.05. Average values and errors represent standard deviations.

###### 

Click here for additional data file.

###### Supplementary Figure 4

Interactions between Bri2 and Bri3 with AβPP. PLA signals (red) for protein interactions with (A) anti-Bri2 linker and anti-AβPP antibodies (4G8) and (B) anti-Bri3 BRICHOS~2~ and anti-N-terminal AβPP antibodies. Images are representative of at least three independent experiments. Staining of nuclei is performed with DAPI (blue) and filamentous actin is stained with phalloidin (green). Scale bar 20 μm.

###### 

Click here for additional data file.

###### Supplementary Figure 5

Primary and secondary antibody controls. Controls where only one of the primary antibodies used in PLA experiments is added (shown in the upper line for each panel) followed by addition of all secondary antibody pairs used in different PLA interaction studies involving the primary antibodies (indicated in the lower lines for each panel). Staining of nuclei is performed with DAPI (blue) and filamentous actin is stained with phalloidin (green). Scale bar 20 μm.

###### 

Click here for additional data file.

###### Supplementary Table 1

###### 

Click here for additional data file.

###### Supplementary Table 2

###### 

Click here for additional data file.
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